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Abstract 
Nanowelding of metallic nanoparticles induced by laser illumination is of particular interest 
because it provides convenient and controlled means for shape-conversion of nanoparticles and 
fabrication of nanodevices. However, the kinetics of the laser-induced nanoparticle-nanowelding 
remain largely unexplored. Here we exploited fluorescence microscopy to directly image the 
real-time nanowelding kinetics of silver nanoparticles (AgNPs) when illuminated with 
continuous wave laser at 405 nm. We observed that the laser illumination induced the AgNPs to 
form higher-order branched structures or assemblies. More importantly, we quantified the sizes 
of the laser-induced assemblies and found that the dependence of the average size (𝐴‾) of the 
assemblies on the illumination time 𝑡 followed 𝐴‾ ∝ 1 − 𝑒−𝑡/𝜏. An analytical model based on 
simple polymerization was developed to predict and understand the measured kinetics. We 
experimentally verified the model by varying the laser power and the concentration of AgNPs. 
Furthermore, we improved the model by taking into account the merging of assemblies and 
predicted that the laser-induced assembling kinetics was diffusion-limited, which was then 
verified experimentally with AgNPs in 50% glycerol. Lastly, in contrast to the single-phased 
ohmic nanocontact produced by the laser-induced nanowelding, we found that the formed 
higher-order structures were separated into different photoluminescent domains, and that 
different regions of the same laser-induced assembly showed asynchronous, uncorrelated 
blinking behaviors. This work is expected to facilitate the development of better nanowelding 
strategies of metallic nanoparticles for broader applications. 
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Introduction 
 
Metallic nanoparticles have attracted increasing attention because of their broad applications in 
various fields such as photonics, electronics, healthcare, energy, and environmental remediation 
1–6. In addition to their intrinsic superior optical, electronic, and chemical properties, metal 
nanoparticles are fundamental building blocks for developing nanodevices due to their ease of 
control and manipulation using various methods 7–10, including optical means 11–17. When 
illuminated by light with appropriate wavelengths, localized surface plasmon resonances (LSPR) 
were produced in metallic nanoparticles 12,13,18,19. Numerous applications related to LSPR in 
nanoparticles have been developed, ranging from sensing to imaging 18,19. In addition, the LSPR-
related photothermal effects have been extensively explored and shown to be useful 18–20. For 
example, it was found that shining lasers on metallic nanoparticles could partially melt the 
surfaces of nanoparticles due to LSPR excitation, converting the shapes of the nanoparticles in 
controlled manners and/or welding them into higher-order structures or assemblies to create 
nanocontact or nanoconjunction 11–13,15,16,21,22; the latter have been termed nanowelding – a 
process that joins/unites two or more (typically metallic) nanostructures or nanoparticles 
together. Such capabilities are expected to facilitate manipulation of nanomaterials and 
fabrication of nanodevices 3. Therefore, it is important to develop a comprehensive 
understanding of the nanowelding of metallic nanoparticles. 
 
Direct imaging of the nanowelding of metal nanoparticles is critical for obtaining a 
comprehensive mechanistic understanding. In the past, assemblies of metallic nanoparticles due 
to laser-induced nanowelding have been widely studied using ex situ electron microscopy, such 
as transmission electron microscopy (TEM), which provided snapshots before and after laser 
illumination 11. Sophisticated TEM imaging was even capable of identifying the lattices formed 
by the laser-induced nanowelding and revealing the single-phased ohmic nanocontact 11. 
However, the kinetics of nanowelding nanoparticles remain largely unexplored. In this study, we 
applied fluorescence microscopy to directly image the dynamic process of assembly-formation 
of silver nanoparticles (AgNPs) under the illumination of continuous wave (CW) laser. The 
wavelength of the laser used in this study was 405 nm, which is close to the LSPR peak of the 
AgNPs. From the movies that captured the real-time dynamics of the laser-induced assemblies 
due to nanowelding, we quantified the sizes of the laser-induced assemblies, and examined the 
kinetics (i.e., time dependence) of the average sizes of the assemblies. To understand the 
measured kinetics of the average sizes of the assemblies, we developed an analytical model 
based on simple polymerization, which fitted the observed kinetics very well. In addition, we 
experimentally tested the predictions from the analytical model by measuring the assembling 
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kinetics with different laser intensities, or with different concentrations of AgNPs, and found that 
the analytical model worked well. Furthermore, we developed a more general model and 
predicted that the laser-induced assembling is diffusion-limited, which was verified 
experimentally by observing the formation of assemblies in 50% glycerol. Lastly, we examined 
whether and how the nanowelded assemblies formed single phases in terms of 
photoluminescence and photophysics. 
 

Methods and Materials 
 
Synthesis of AgNPs. 
AgNPs were synthesized via polyol reduction method 23, similar to our previous studies 24–26. 
Briefly, 50 mL of ethylene glycol (EG, J.T. Baker) was added to a 250-mL 3-neck round bottom 
flask and heated to 150 ºC in an oil bath, followed by adding 0.6 mL of 3 mM NaHS (Alfa 
Aesar) in EG, 5 mL of 3 mM HCl (Alfa Aesar) in EG, 12 mL of 0.25 g polyvinylpyrrolidone 
(PVP, MW ~55,000, Sigma-Aldrich) in EG, and 4 mL of 282 mM CH3COOAg (Alfa Aesar). 
The reaction proceeded at 150 ºC for ~1 h until the absorbance peak position of reaction mixture 
reached ~420 nm measured by a UV-vis spectrometer. The reaction was then quenched by 
placing the flask in an ice bath. Acetone was added to the mixture at a 5:1 volume ratio, and the 
product was collected by centrifugation. The resultant AgNPs were purified using water, 
collected by centrifugation, and re-suspended in water for characterization and future use. 
 
Characterization of AgNPs.  
TEM images were captured using a TEM microscope (JEOL JEM-1011) with an accelerating 
voltage of 100 kV. Particle size and shape were measured on the TEM images using ImageJ and 
an algorithmic analysis reported by Laramy et. al. 27. High-resolution TEM (HRTEM) images 
were obtained on an FEI Titan 80-300 with an accelerating voltage of 300 kV. UV-vis spectra 
were obtained using a UV-vis spectrophotometer (Agilent Cary 50). The concentration of Ag 
was determined by inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Scientific 
iCap Quadrupole mass spectrometer). 
 
Calculation of optical spectra (LSPR) of AgNPs. 
The optical spectra were calculated according to the discrete dipole approximation (DDA) using 
the DDSCAT 7.3 program 28,29. In this formalism, the structure is represented by an array of 
dipole moments residing within its volume. Each volume element is represented as a dielectric 
continuum with the complex dielectric response function of bulk Ag 30. The optical cross 
sections were averaged over the two orthogonal polarization directions of the incident light. The 
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structure of a rounded cube was built by removing 5% of the total mass from the corners of the 
cube. The optical efficiency, Q, is reported as the ratio of the respective optical cross section to 
πaeff2, where the effective radius, aeff, is defined as the radius of a sphere whose volume is equal 
to that of the structure. Optical spectra were simulated for each structure in water. 
 
Photoluminescence imaging of laser-induced assemblies of AgNPs.  
40 µL of AgNPs in ultrapure water (>17.5 MΩ) at the desired concentration were added to a 
flow chamber made of coverslips and glass slides. The coverslips and slides were first cleaned 
with detergent, 1 M NaOH, 100% ethanol, and ultrapure water (>17.5 MΩ) sequentially 25,26, 
followed by plasma cleaning (Harrick Plasma, NY) 31,32. The flow chamber was sealed using nail 
polish and then mounted on a fluorescence microscope for imaging 32. 
 
The fluorescence microscope used in this study was an Olympus IX-73 inverted microscope 
equipped with an Olympus 100 N.A.=1.49 oil immersion TIRF objective, a multi-color laser 
bank (iChrome MLE, Toptica Photonics AG) and an EMCCD camera (Andor, MA). The 
microscope and data acquisition were controlled by Micro-Manager 33,34. The 405 nm laser from 
the laser bank was used to illuminate the AgNPs for both nanowelding and imaging. The 
BrightLine® full-multiband 1λ P-V RWE super-resolution laser filter set (LF405/488/532/635-B-
000, Semrock, Lake Forest, IL) was used. The laser-induced assemblies of AgNPs were imaged 
on the EMCCD camera. The effective pixel size of acquired images was 160 nm. Movies were 
acquired with an exposure time of 30 ms (the actual time interval between frames was 52.49 ms) 
and a length of 6000 frames. 
 
Three sets of photoluminescence imaging experiments were performed. In the first set, the 
concentration of AgNPs was kept in phosphate-buffered saline (PBS) at 1.3 mg/mL while 
varying the power of the 405 nm laser, ranging from 5% to 30%. The actual laser powers at the 
samples were measured with a power meter (Thorlabs, NJ), ranging from ~1 mW to ~6 mW 
(Fig. S1). In the second set of experiments, the concentration of AgNPs ranged from 0.325 
mg/mL to 1.3 mg/mL, while the power of the 405 nm laser was kept constant at 25% (~5 mW). 
In the third set of experiments, the solvent of the AgNPs was changed from PBS to 50% glycerol 
in PBS. For each set of experiments, 4 – 6 replicates were performed on different days. 
 
Automatic identification of laser-induced assemblies of AgNPs and quantification of their 
sizes. 
The laser-induced assemblies were identified automatically using custom Python scripts based 
on the scikit-image Python package 35. Briefly, for each frame of the acquired movies, the 
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background was first removed using a rolling-ball algorithm 36 with a ball size of 9 pixels, 
followed by smoothing twice using a Gaussian filter with a standard deviation of 1 pixel. The 
background in the smoothed image was removed once again, followed by applying a threshold to 
obtain a black/white (BW) image. Edges were detected from the BW image using the Sobel filter 
37, followed by dilating the edges by 3 pixels to fill possible gaps in the edges. Small objects with 
areas <32 pixels were removed, before performing a flood fill 38. The filled objects were eroded 
with 4 pixels, followed by removing small objects (area <32 pixels). The resulting BW image 
was segmented into individual structures, which corresponded to the identified laser-induced 
assemblies. The numbers of pixels occupied by the individual structures were counted and used 
as the size of the assemblies of AgNPs. 
 

Results 
 
The AgNPs used in this study were synthesized as described previously 24–26. The synthesized 
AgNPs were imaged using TEM, showing 67% cubes and 23% spheres (Fig. 1A), with an 
average size of 30  5 nm (Fig. 1B). The extinction spectrum of the AgNPs measured by UV-vis 
spectroscopy displayed a peak at 420 nm (Fig. 1C, blue solid curve), which corroborated well the 
simulated LSPR peak of a rounded cube with an edge length of 30 nm at 430 nm (Fig. 1C, green 
dashed curve). The 10 nm discrepancy can be attributed to the size and shape distributions in the 
sample. The simulated spectra indicate that the ratio of absorption and scattering is close to 1 
(Fig. 1D). 
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Figure 1. Characterization of AgNPs used in this study. (A) Representative TEM image of the 
AgNPs. (B) Size distribution of the AgNPs quantified from their TEM images. (C) Extinction 
spectrum of the AgNPs measured by UV-vis spectroscopy (blue solid curve), and DDA 
simulated spectrum of the extinction optical efficiency 𝑄 of a rounded 30 nm Ag cube with ∼5% 
of the total mass removed from the corners. (D) DDA simulated spectra of absorption and 
scattering optical efficiencies of a rounded 30 nm Ag cube with ∼5% of the total mass removed 
from the corners. 
 
To directly image the nanowelding process of AgNPs, we shined a CW laser with a wavelength 
of 405 nm on the nanoparticles. The wavelength was chosen based on the LSPR peak of the 
AgNPs (Fig. 1D). We observed that the nm-sized AgNPs gradually formed larger assemblies and 
higher-order structures of µm-size, when illuminated by the 405 nm laser (Fig. 2A, and SI Movie 
M1). The higher-order assemblies showed higher photoluminescence than individual AgNPs, 
facilitating the identification of the assemblies. To quantify the nanowelding/assembling kinetics, 
we processed the frames of the movies using the scikit-image Python package by background 
subtraction, smoothing, and edge-detection (Fig. S2), identified the laser-induced assemblies 
(Fig. 2B), and quantified their individual sizes (i.e., the number of pixels covered by the 
individual assemblies). We observed that the average size (𝐴‾) increased with illumination time 
(Fig. 2C), and that the assembling kinetics could be fitted well with 𝐴‾(𝑡) = 𝐴0 × (1 − 𝑒−𝑡/𝜏) 
(red dashed line in Fig. 2C) where 𝑡 is the illumination time and 𝜏 is the fitted characteristic time 
constant (154  1 s). 
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Figure 2. Direct imaging of the laser-induced nanowelding of AgNPs. (A) Representative 
photoluminescence images of laser-induced assemblies of AgNPs when illuminated by 405 nm 
laser at 30% power (~6 mW). Scale bar = 10 µm. Numbers indicate the frame number of the 
acquired movie (SI Movie M1). (B) Examples of the identified assemblies. Scale bar = 15 µm. 
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(C) The average size of the laser-induced assemblies as a function of time (1 px = 160 nm, or 1 
px2 = 2.56 × 104 nm2). The black solid line is the average from five replicates, while the light 
gray area represents the standard error of the mean from the five replicates. The red dashed line 
is the fitted curve using 𝐴‾(𝑡) = 𝐴0 × (1 − 𝑒−𝑡/𝜏). 
 
It was found that the kinetics of laser-induced nanowelding/assembling of AgNPs can be 
quantitatively described by a simple analytical model based on polymerization, which has been 
used in several scenarios including the growth of microtubules and F-actins 39. In this simple 
model, an assembly with a size of 𝑛 grows into a larger one (with a size of 𝑛 + 1) with a growth 
rate of 𝑘 by adding a monomer to the assembly (Fig. 3A). If 𝑝𝑛 is the probability of finding an 
assembly of size 𝑛, we have 

𝑑𝑝𝑛

𝑑𝑡
= 𝑘𝑝𝑛−1𝑝1 − 𝑘𝑝𝑛𝑝1.                                                                 (1) 

For monomers, the probability 𝑝1 satisfies 

𝑑𝑝1

𝑑𝑡
= ∑ −

∞

𝑛=1

𝑘𝑝1𝑝𝑛 = −𝑘𝑝1 ,                                                             (2) 

which gives a simple exponential decay, 𝑝1(𝑡) = 𝑝1(0)𝑒−𝑘𝑡 = 𝑝0𝑒−𝑘𝑡, where 𝑝0 = 𝑝1(0). In 
this framework, the average size of the assemblies is 

𝐴‾ = ∑ 𝐴

∞

𝑛=1

(𝑛)𝑝𝑛 = ∑ 𝑛

∞

𝑛=1

𝑎𝑝𝑛  ,                                                          (3) 

where 𝑎 is the size of the monomers. Then its changing rate is 

𝑑𝐴‾

𝑑𝑡
= ∑ 𝑛

∞

𝑛=1

𝑎
𝑑𝑝𝑛

𝑑𝑡
= 𝑎𝑘𝑝0

2𝑒−2𝑘𝑡  ,                                                      (4) 

where we have plugged in Eq. (1) and (2) and carried out simplifications. Therefore, the 
predicted kinetics for the average size of laser-induced assemblies from this simple model is 

𝐴‾(𝑡) =
1

2
𝑎𝑝0

2(1 − 𝑒−2𝑘𝑡) = 𝐴0(1 − 𝑒−2𝑘𝑡) ,                                           (5) 

where 𝐴0 =
1

2
𝑎𝑝0

2, which is consistent with the measured kinetics (Fig. 2C). Also, the model 

indicates that the characteristic time constant for the nanowelding/assembling kinetics is 𝜏 =

1/2𝑘. With increasing rate 𝑘 (or decreasing 𝜏), the growth of the assemblies becomes faster (Fig. 
3B). Note that the parameter 𝑘 in the model is variable for and dependent on the laser-induced 
assembling conditions, such as laser power and/or viscosity of the solution. As the probabilities 
(𝑝𝑛) are proportional to the concentrations of the AgNPs (𝑐𝑛). Thus, we thus have 𝐴0 ∝ 𝑐0

2 where 
𝑐0 = 𝑐1(0) is the initial concentration of AgNPs. Therefore, we also have 
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𝐴‾(𝑡) ∝ 𝑐0
2(1 − 𝑒−2𝑘𝑡).                                                             (6) 

 
 

 

 
Figure 3. A simple analytical model based on polymerization. (A) The laser-induced assemblies 
grow from n-mer to (n+1)-mer by adding a “monomer” with a growth rate of 𝑘. (B) Model-
predicted average sizes of the assemblies as functions of time with different growth rates (𝑘). 
Colored numbers indicate the corresponding 𝑘 values. 
 
The analytical model predicts that, for AgNPs with a given size (i.e., fixed 𝑎) at a given initial 
concentration (i.e., fixed 𝑐0), the nanowelding/assembling kinetics of AgNPs relies on the growth 
rate 𝑘 (Fig. 3B). Because (1) the nanowelding/assembling is induced by laser illumination and 
(2) the LSPR and temperature enhancement of the surfaces of AgNPs is positively correlated to 
the laser intensity/power, we hypothesized that the growth rate 𝑘, and thus the 
nanowelding/assembling kinetics, would depend on the laser power. To test this hypothesis, we 
varied the power of the 405 nm laser from 5% (~1 mW) to 30% (~6 mW), visualized the growth 
of the laser-induced assemblies, and observed that increased laser power resulted in faster 
nanowelding and larger assemblies, although the average size increased for all the different laser 
powers (Fig. S3). This observation was quantitatively confirmed by quantifying the time 
dependence of the average sizes of the AgNP-assemblies induced by the 405 nm laser at 
different powers (Fig. 4A). In addition, we fitted the experimental data with Eq. (6) to extract the 
assembling rates (𝑘). Note that, as the initial concentration of the AgNPs were kept constant in 
this set of experiments, 𝑐0 in Eq. (6) was the same for the different curves in Fig. 4A. Therefore, 
we performed a global fitting (using the lmfit Python package 40) with Eq. (6), in which 𝑐0 was 
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kept constant but 𝑘 was varied for different laser powers. From the global fitting, the growth rate 
𝑘 was confirmed to increase for higher laser powers (Fig. 4B). Interestingly, the dependence of 
the fitted rate 𝑘 on the laser power 𝑃 was nonlinear (Fig. 4B); instead, the 𝑘-𝑃 relation was 
quadratic (inset of Fig. 4B). The global fitting was overall successful; however, it is worthwhile 
to point out that one of the curves (at 20% laser power) was not fitted as well as the others (Fig. 
4A and 4B), although all the curves could be individually fitted very well by the model (Fig. 
S4A). This observation implies that globally fitting of 6 curves with a model of 7 parameters is 
likely to impose too many restrictions and that the model may be improved by taking into 
account other factors, such as the merging of two smaller assemblies as investigated below. 
 
In the analysis above, we estimated the sizes of the laser-induced assemblies or structures by the 
areas (i.e., the number of pixels) of the projected 2D images of the 3D structures, with the 
assumption that the projected 2D area is positively correlated with the number of AgNPs in (and 
3D volume of) the laser-induced structures. To cross-verify the validity and robustness of the 
area-based analysis, we repeated the analysis but using the intensity of the structures as an 
alternative way for the estimation of the size of the assemblies. We observed that, although 
larger standard errors of the means were present in the intensity-based analysis (Fig. S4B), the 
intensity-vs-time curves resembled the area-vs-time curves and could be fitted by the same 
kinetics (i.e., Eq. (5) and (6)). More importantly, we performed global fitting on all the intensity-
based curves (Fig. S4C) and found that the fitted growth rates k depended on the laser power P 
quadratically (Fig. S4D), consistent with the area-based analysis (Fig. 4B). Therefore, we 
concluded that estimating the size of the laser-induced structures from the projected 2D area is 
valid and justified. In addition, as the area-based analysis showed lower errors than the intensity-
based analysis, we adopted the former for the quantitative analysis below. 
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Figure 4. Dependences of the laser-induced nanowelding kinetics of AgNPs on the laser power 
and the initial concentration of AgNPs. (A) The average sizes of the laser-induced assemblies of 
AgNPs as functions of time when illuminated with a 405 nm laser at different power levels, 
ranging from 5% (~1 mW) to 30% (~6 mW). The colored solid lines represent the average from 
4–6 replicates. The black dashed lines are globally fitted curves using Eq. (6). (B) Dependence of 
the fitted growth rate 𝑘 on the laser power 𝑃. The orange dashed line is a quadratic fitting. Inset: 

√𝑘-𝑃 relation for the same data. (C) The average sizes of the laser-induced assemblies of AgNPs 
as functions of time with varying initial concentrations of AgNPs, ranging from 0.325 mg/mL to 
1.3 mg/mL. The colored solid lines represent the average from 4–6 replicates. The black dashed 
lines are globally fitted curves using Eq. (6). (D) Dependence of the fitted 𝑐0 on the actual initial 
concentration of AgNPs. The blue dashed line is a linear fitting. In panels A and C, 1 px = 160 
nm, or 1 px2 = 2.56 × 104 nm2. 
 
The analytical model also predicts that the kinetics of the laser-induced assemblies rely on the 
initial concentration of the AgNPs (𝑐0) for a given laser power. To verify this prediction 
experimentally, we varied the initial concentration of the AgNPs from 0.325 mg/mL to 1.3 
mg/mL while keeping the laser power constant at 25% (~5 mW). We observed that the average 
size of the laser-induced assemblies grew faster as the concentration of AgNPs increased (Fig. 
4C and Fig. S5), consistent with the prediction from the analytical model. A global fitting of the 
data (same 𝑘 but different 𝑐0 for different curves in Fig. 4C) showed that the fitted 𝑐0 was linear 
to the actual concentration of the AgNPs (Fig. 4D). 
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Figure 5. Addition of “monomers” to an AgNP-assembly. (A) The size of the assembly as a 
function of frame number (1 px = 160 nm, or 1 px2 = 2.56 × 104 nm2). Inset: zoom-in of the 
region boxed by the red dashed rectangle. (B, C) Frame-by-frame montage of the movie for (B) 
frames 608–627 and (C) frames 660–674. Scale bars = 2 µm. 
 
It was possible in our experiments to directly visualize the dynamic addition of a “monomer” to 
an assembly, especially for small assemblies or during the early assembling stage. As an 
example, the dynamic growth of a small assembly was shown in SI Movie M2, where the small 
assembly started as a dim, single AgNP. Quantifying the size of the assembly indicated that it 
grew steadily (Fig. 5A). More importantly, we observed distinct stepwise jumps in the early 
stage of the process. A close-up look of the red rectangular region of the curve was shown in the 
inset of Fig. 5A, where two steps were identified. By examining the frame-by-frame montages of 
the movie corresponding to the two steps (Fig. 5B and 5C), we observed that “monomers” 
diffused to the assembly and were then nanowelded to the assembly, leading to the “growth” of 
the assembly. 
 
The simple analytical model was successful in describing the experimentally measured 
nanowelding/assembling kinetics of AgNPs; the predictions of the dependence of the kinetics on 
the laser power and initial concentration of AgNPs were also largely verified by experiments. 
However, the exact relation of fitted growth rate 𝑘 on the laser power 𝑃 deviated from linearity, 
which is followed by the dependence of the laser-induced LSPR and the associated temperature 
enhancement (and melting) on the laser power/intensity 41–43. This deviation, together with the 
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imperfect global fitting of the data (Fig. 4A), indicated that the simple analytical model did not 
cover the full story of the nanowelding kinetics and that other factors or processes must be taken 
into account. For example, larger assemblies (or higher-order structures) could be formed from 
merging two smaller assemblies, in addition to adding monomers sequentially. Such merging of 
assemblies is expected to result in faster growth (and thus higher 𝑘). As a matter of fact, such 
process of assembly-merging was observed from our experiments (SI Movie M3), providing 
evidence for (partially) explaining the observed nonlinear 𝑘-𝑃 relation. 
 

 
Figure 6. A generalized model that takes into account the merging of assemblies. (A) In the 
generalized model, two smaller assemblies with sizes of 𝑛 and 𝑚, respectively, merge into a 
larger one of size 𝑛 + 𝑚. (B) The predicted average sizes of the assemblies as functions of time 
from the generalized model with a constant merging rate 𝑘(𝑚) = 𝑘1 where 𝑘1 is a constant. 
Colored solid lines correspond to different 𝑘1. (C) The predicted average sizes of the assemblies 
as functions of time from the generalized model with size-dependent merging rates 𝑘(𝑚) =

𝑘1/𝑚. Colored symbols correspond to different 𝑘1. Colored dashed lines are fittings using 
𝐴‾(𝑡) = 𝐴0 × (1 − 𝑒−𝑡/𝜏). (D) Slower nanowelding kinetics were observed for AgNPs in 50% 
glycerol illuminated by a 405 nm laser at a power level of 30% (~6 mW). Scale bar = 16 µm. 
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Numbers indicate the frame number of the acquired movie (frame rate = 19.05 fps). 
 
To consider the merging process, we attempted to develop a more generalized model as sketched 
in Fig. 6A. Briefly, in this model, an assembly of size 𝑚 can merge with an assembly of size 𝑛 to 
form a larger assembly of size 𝑛 + 𝑚 (Fig. 6A). Then, the revised differential equations became 

𝑑𝑝𝑛

𝑑𝑡
= ∑ 𝑘

𝑛−1

𝑚=1

(𝑚)𝑝𝑛−𝑚𝑝𝑚 − ∑ 𝑘

∞

𝑚=1

(𝑚)𝑝𝑛𝑝𝑚 .                                         (7) 

Numerically solving this set of equations, Eq. (7) and Eq. (4), would give the predicted kinetics 
from the generalized model. It is worthwhile to point out that the model asserted that the 
merging/assembling rate was dependent on the size of the smaller assemblies, 𝑘 = 𝑘(𝑚). If the 
merging/assembling rate 𝑘 is a constant, the model predicted exponentially increasing kinetics 
(Fig. 6B), which was inconsistent with our experimental observations (Fig. 2 and 4). The size-
dependence of the rate (i.e., 𝑘 = 𝑘(𝑚)) implied that the nanowelding/assembling of AgNPs was 
significantly affected, or even limited, by the diffusion of the AgNPs. The implication was 
reasonable because of the elevation of the local temperature of the AgNPs (due to LSPR) 41–43 

and thus the increase of their local diffusivity (e.g, 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 for spheres with a radius of 𝑟 in a 

solution with a viscosity of 𝜂, where 𝑇 is the temperature and 𝑘𝐵 is the Boltzmann constant). In 
addition, our observation of the addition of “monomers” to the assemblies suggested that 
diffusion played an important role in the nanowelding process (Fig. 5). 
 
Although the solution for nanowelding kinetics from the generalized model depends on the exact 
size-dependence of the rate 𝑘(𝑚), we numerically solved the model for a simple case, 𝑘(𝑚) =

𝑘1/𝑚 (where 𝑘1 is a constant), which resembled the reciprocal relation in the Stokes-Einstein 
relation (𝐷 ∝ 1/𝑟). The rationale was that smaller assemblies of AgNPs diffuse faster, thus 
resulting in a higher merging/assembling rate. For this simple case, the model led to kinetic 
growth curves (Fig. 6C) that were consistent with the experimental measurements. The simulated 
kinetic curves could be also fitted well with Eq. (6) as shown in Fig. 6C. 
 
Results from the generalized model indicated that the nanowelding kinetics was likely to be 
limited by the diffusion of the AgNPs. For experimental confirmation, we performed the same 
experiment with AgNPs in 50% glycerol illuminated by 405 nm at 30% power (~6 mW). The 
viscosity of 50% glycerol was much higher than that of water, leading to a lower diffusion 
coefficient of the AgNPs and thus a lower nanowelding/assembling rate. Our experiments 
showed that the laser-induced assemblies were formed at a much lower rate (Fig. 6D) in the 50% 
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glycerol, supporting the conclusion that the nanowelding kinetics was limited by the diffusion of 
the AgNPs. 
 

 
Figure 7. Separate photoluminescent domains in the laser-induced nanowelded assemblies of 
AgNPs. (A–C) Representative TEM images of the laser-induced assemblies of AgNPs with 
different zooming factors. Panel C is a close-up look of the region highlighted by the red square 
in panel B. Green arrows in panel C highlight the interfaces after nanowelding. (D) A 
representative HRTEM image of nanowelded AgNPs induced by the 405 nm laser. (E) A closer 
look of the nanowelding interface (i.e., the region highlighted by the red rectangle in panel D). 
(F) Examples of regions in the same assembly of AgNPs, showing different photoluminescence 
and blinking behaviors. (G) Photoluminescent intensities as functions of time for the regions 
highlighted in panel D with the corresponding colors. (H) Locations of flashing/blinking centers 
in the same assemblies of AgNPs. The color of the points indicates the time of the 
flashing/blinking. 
 
It was reported previously that the laser-induced assemblies of nanoparticles formed single-
phased ohmic nanocontact 11. We performed TEM imaging on the assemblies of AgNPs and 
observed similar results (Fig. 7A–C). In addition, HRTEM imaging confirmed that the AgNPs 
were indeed fused/nanowelded (Fig. 7D), as indicated by the observed lattice fringes across the 
interface (Fig. 7E), instead of simply aggregated. However, we observed that the laser-induced 
assemblies were separated into domains of photoluminescence. For example, different regions of 
the same assembly (boxed regions in Fig. 7F) showed different photoluminescence intensities 
and blinking behaviors (SI Movie M4), which were seen clearly by comparing their intensity 
traces (Fig. 7G). The flashing/blinking at different regions was uncorrelated (Fig. 7G), 
suggesting that the laser-induced assemblies were not single-phased in terms of 
photoluminescent properties. In addition, we localized the centers of the flashing spots in the 
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single assembly 44–46 and observed that such flashing centers were distributed throughout the 
assembly (Fig. 7H). We speculated that the separation of photoluminescent domains was caused 
by grain boundaries at the nanoparticle attachment interfaces that were observed in the TEM 
images (Fig. 7C–E), and indirectly supported by the high-resolution TEM images in the literature 
11. It is expected that future experiments based on correlative photoluminescence and electron 
microscopy will provide direct, conclusive evidence for confirming / denying this speculation. 
Furthermore, previous studies reported that the quantum yield of the photoluminescence of 
AgNPs increased as the size decrease, while the larger nanowelded assemblies showed higher 
photoluminescence than the smaller individual AgNP in this study 47; this discrepancy suggests 
the existence of separate photoluminescent domains in the nanowelded assemblies. 
 

Conclusion and Discussion 
 
In conclusion, we directly imaged the real-time laser-induced nanowelding/assembling kinetics 
of AgNPs using fluorescence microscopy. We observed that the AgNPs formed branched higher-
order structures/assemblies upon illumination with a 405 nm CW laser. We quantified the sizes 
of the laser-induced assemblies, and more importantly, the assembling kinetics (i.e., as functions 
of time). We found that the dependence of the average size of the AgNP-assemblies on the 
illumination time followed 𝐴‾ ∝ 1 − 𝑒−𝑡/𝜏. To understand the measured kinetics, we developed a 
simple analytical model based on the polymerization argument. The analytical model predicted 
that 𝐴‾ ∝ 𝑐0

2(1 − 𝑒−2𝑘𝑡), which was successful in describing the experimental results. In addition, 
we experimentally verified other predictions from the model, such as the dependence of the 
kinetics on the laser power and the initial concentration of the AgNPs. Furthermore, we 
improved the model by taking into account the merging of assemblies and predicted that the 
laser-induced assembling kinetics was diffusion-limited, which was then verified by experiments 
with AgNPs in 50% glycerol. Lastly, in contrast to the single-phased ohmic nanocontact 
produced by the laser-induced nanowelding, we found that the nanowelded assemblies of AgNPs 
were separated into photoluminescent domains: different regions in the same laser-induced 
assembly showed different photoluminescence and asynchronous uncorrelated blinking. 
 
Previous studies reported that AgNPs with a size of 30 nm were photoluminescent 25,47,48; the 
observation that the laser-induced assemblies of AgNPs showed higher photoluminescent 
intensities than single AgNPs when illuminated with a 405 nm laser (e.g., Fig. 2 and 5) 
facilitated photoluminescence imaging and allowed us to conveniently carry out the first direct, 
real-time imaging of the nanowelding/assembling kinetics of AgNPs. Other metallic 
nanoparticles (e.g., gold nanoparticles) have been reported to be photoluminescent 49–54; 
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therefore, we expect that the experimental method reported in this study will be useful for 
understanding the nanowelding kinetics of other metallic nanoparticles. In addition, it was shown 
previously that laser-induced LSPR of nanoparticles allowed for the creation of ohmic contacts 
among different metallic nanoparticles: one type of nanoparticles was surface-melted due to the 
LSPR and served as the liquid-like, soldering reagent, while the other type of nanoparticles was 
not melted, remaining solid-like under the laser illumination 55. It would be interesting to directly 
visualize this “nanosoldering” process using multi-color fluorescence microscopy in the future. 
 
In the current study, a laser of 405 nm was chosen for both LSPR excitation and 
photoluminescence imaging. It was chosen because 1) the wavelength is close to the LSPR peak 
of the AgNPs and 2) photoluminescent emission of AgNPs could be collected at this excitation 
due to the long tails in the emission spectrum (Fig. S6). We expect that other wavelengths may 
also be used. For example, the emission spectrum of the AgNPs showed similar, long 
photoluminescent tails when excited at 340 nm and 290 nm. We observed that the shape and 
intensity of the photoluminescence spectra of the same AgNPs were different for different 
excitations (Fig. S6), which was consistent with previous reports 47,48. Although optimizing the 
excitation is out of the scope of the current study, it would be interesting to investigate in future 
studies how the laser wavelength affects the kinetics and other properties of the laser-induced 
nanowelding of metal nanoparticles. 
 
We note that the “monomers” in our models for understanding the observed 
nanowelding/assembling kinetics do not necessarily correspond to single AgNPs, although 
individual AgNPs could possibly serve as monomers. However, it is worthwhile to point out that 
the measured exponential kinetics (i.e., ∝ 1 − 𝑒−𝑡/𝜏) were robust, not relying on the models nor 
what the “monomers” were. Nonetheless, it would be interesting to directly visualize the 
nanowelding of two single nanoparticles in real time. Recent development of in situ liquid cell 
electron microscopy 56–58 could be useful for this effort. 
 
In contrast to femtosecond or picosecond pulsed lasers used in the literature for nanowelding 
nanoparticles 11,16,21,59, a CW laser at 405 nm was used in the current study. Considering that 
illumination of conventional fluorescent light was able to generate enough plasmon excitation 
and change the shape of nanoparticles 12,13, it is not surprising that CW lasers allowed 
nanowelding of nanoparticles, even if the peak power of CW lasers are typically much lower 
than pulsed ones. An advantage of exploiting a CW laser in the current study was that the lower 
peak power slowed down the melting of the surfaces of the nanoparticles, lowering the 
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requirement of temporal resolution in order to directly image the nanowelding kinetics in real-
time. 
 
Our results suggested that the laser-induced assemblies of AgNPs showed separate 
photoluminescent and blinking domains, unlike the single phase in the ohmic contact reported 
previously. We speculated that the separate photoluminescent domains were due to lattice 
mismatching, which generated interfaces in terms of photoluminescence. It is expected that high-
resolution TEM will facilitate future studies in this direction. 
 
This study showed that the nanowelding kinetics of AgNPs is dependent on external factors / 
conditions, such as laser power, concentration of nanoparticle, and viscosity of the environment. 
It would be interesting to further explore factors that influence the kinetics and properties of the 
nanowelding of nanoparticles, such as branching of the laser-induced assemblies and generation 
of LSPR hotspots. It is expected that this study and follow-up work will pave the way to better 
control and strategies of nanowelding processes to achieve desired structural features. For 
example, similar to generating different snowflakes by controlling temperature and water vapor 
supersaturation 60, it would be very interesting to produce, in a controlled way, different shapes 
of silver-flakes from AgNPs using laser-induced nanowelding, by modulating several 
parameters, such as laser wavelength, laser power, and composition of solution. 
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